A black-hole quencher (BHQ-2) labeled DNA (Q-DNA) with a phosphorothioate backbone was covalently conjugated to the CdTe QDs during the QDs synthesis procedure. The hairpin structure of Q-DNA shortened the distance of the CdTe QDs and the BHQ-2 group, which resulted in fluorescence quenching of the QDs. The addition of target DNA or deoxyribonuclease I (DNase I) could move the BHQ-2 group away from the QDs. As a result, the fluorescence of the CdTe QDs recovered. This work provides a new way for target DNA and DNase I detection. 
Semiconductor quantum dots (QDs) are widely used as lumiphores in bioanalysis due to their distinctive advantages over conventional organic fluorophores, such as high quantum yield, narrow emission band, long emission lifetime, sizedependent/tuneable emission, and high photo/chemical stability. [1] [2] [3] However, QDs could not specifically recognize a biological target molecule. It is therefore necessary to covalently attach a recognition element, such as DNA or protein, to the QDs. [4] [5] [6] [7] Water-soluble QDs are usually capped with a carboxyl group containing ligands. A popular way to conjugate QDs with DNA is through chemical reactions between the carboxyl groups on the surface of the QDs and the amino groups linked with the DNA. 8, 9 Other strategies use thiolated or polyhistidine modified DNA to conjugate with the QDs. 10, 11 However, most of these coupling strategies are complex, technically demanding, time consuming, and expensive.
A one-step method to synthesis DNA-functionalized QDs was reported. 12 The method utilized phosphorothioate (ps) modified DNA as the ligand. This type of DNA has two backbone domains, namely the ps domain and the phosphate (po) domain. During the one-pot synthesis, the ps domain is covalently linked to the Cd 2+ ions at the surface of the CdTe QDs in situ. The po domain can be designed to recognize a specific target. Several research groups have used such procedures to obtain DNA-QDs conjugates for various biological applications in recent years. [13] [14] [15] In this work, a black-hole quencher (BHQ-2) linked DNA (Q-DNA) was covalently linked to the CdTe QDs during the QDs synthesis procedure. The sequence of Q-DNA is: 5′-(BHQ-2)-CGA CGG AGA AAG GGC TGC CAC GTC GAA AAA T*C*G* G*G*C* G*T*A* C-3′. It contains three domains: the ps domain, the linker domain, and the functional domain (Scheme 1). The functional domain (underlined part of Q-DNA) can form a hairpin structure; "*" stands for a phosphorothioate modification (the ps domain), and AAAAA is the linker domain. The linker and the functional domains have po backbones. During Q-DNA-CdTe QDs synthesis, the ps domain was covalently linked to Cd 2+ ions at the surface of the QDs. The Q-DNA on the QDs formed a hairpin structure after annealing in a NaCl aqueous solution.
Two batches of Q-DNA-CdTe QDs were prepared. In one batch 5 nmol Q-DNA was used, and in the other batch 20 nmol Q-DNA was used for synthesis of the DNA-QDs conjugate. They were named as QDs-5 and QDs-20, respectively. TEM images of QDs-20 and QDs-5 show that the nanoparticles have a spherical shape with a particle size of about 3 nm, and are well 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: congyu@ciac.ac.cn
One-pot Synthesis of Quencher Labeled Hairpin DNA-CdTe QDs Conjugate for Target DNA and Deoxyribonuclease I Detection Qingfeng ZHANG,* , ** Juanmin LI,* , ** Yunyi ZHANG,* , ** , *** Zhenzhen HU,* , ** and Cong YU* , ** † dispersed (Fig. 1) . The Q-DNA-CdTe QDs solution is stable for more than 3 months without any precipitation at 4 C in the dark. Figure S1 shows the normalized UV-vis absorption spectrum of Q-DNA and the fluorescence emission spectra of the Q-DNACdTe QDs. Q-DNA showed a broad UV-vis absorption band of BHQ-2. The fluorescence emission spectra of QDs-20 and QDs-5 showed the maximum emission at 568 and 589 nm, respectively. There is a good overlap between the absorption band of BHQ-2 and the emission band of the CdTe QDs, which is critical for FRET. 16 The Q-DNA bound to QDs was designed to adopt a hairpin structure. However, the formation of the hairpin structure needed proper annealing in an aqueous solution of a certain ionic strength. QDs-20 and QDs-5 showed similar fluorescence intensity before annealing (Fig. S2) . Both QDs-20 and QDs-5 showed significantly reduced fluorescence emission after the annealing procedure. The decrease in the fluorescence emission intensity was a result of the formation of the hairpin structure, which could shorten the distance between the QDs and the BHQ-2 quencher group. The distance between the QDs and the BHQ-2 group after annealing was estimated to be less than 2 nm, whilst the distance was calculated to be 10 nm before annealing. 17 The quenching efficiency after annealing was 81.3% for QDs-20 and 48.7% for QDs-5. The results indicate that the formation of the hairpin structure reduced the distance between the QDs and the BHQ-2 group, which resulted in fluorescence quenching. QDs-20 had a higher quenching efficiency than QDs-5 due to the higher Q-DNA concentration linked to QDs-20.
QDs-20 and QDs-5 were both used for target DNA detection. Target DNA bound to Q-DNA and changed the hairpin structure to a double helix. The BHQ-2 quencher group was away from the QDs, which resulted in a decreased in FRET efficiency. As a result, the fluorescence of QDs-20 recovered. As shown in Fig. 2 , the fluorescence intensity of QDs-20 at 568 nm increased with the addition of the target DNA. A linear regression equation was obtained: y = 84.03 + 2.09x (0 -80 nM), where "x" stands for the concentration of the target DNA in nM, and "y" stands for the fluorescence intensity. The results show that the 10 nM target DNA could be easily detected. Figure S3 shows changes in the emission spectrum of QDs-5 with the target DNA concentration. The fluorescence intensity at 589 nm increased with the addition of the target DNA. A linear regression equation was obtained: y = 249.89 + 5.70x (0 -30 nM), where "x" stands for the concentration of target DNA in nM, and "y" stands for the fluorescence intensity at 589 nm. The results show that 5 nM target DNA could be easily detected.
As shown in Fig. S4 , the non-complementary DNA could not generate any fluorescence intensity recovery. The sample with one base mismatch containing the target DNA showed a lower fluorescence recovery.
The results show that the fully complementary target DNA had better fluorescence recovery than the mismatch containing target DNA as a result of the highly specific nucleic acid hybridization.
In this assay, QDs-20 was used for DNase I detection. The hairpin structure of the DNA linked to the QDs could be digested by DNase I. As shown in Fig. S5 , after 1 h of incubation at 37 C, the fluorescence intensity of the QDs increased with the addition of increasing concentrations of DNase I. A linear regression equation was obtained: y = 69.05 + 9.31x (0 -15 U/mL), where "x" stands for the concentration of DNase I in U/mL, "y" stands for the fluorescence intensity. 2 U/mL DNase I could be easily detected. Digestion of the DNA hairpin structure by DNase I caused the release of the BHQ-2 group from the QDs. The BHQ-2 group could not quench the QDs fluorescence emission. As a result, the fluorescence of the QDs recovered.
Exonuclease I, ALP, lysozyme and trypsin were selected as the potential interference enzymes to test the selectivity of the DNase I assay. Figure S6 shows that after 1 h of incubation, none of the samples containing those enzymes exhibited any noticeable recovery in the QDs fluorescence. ALP, lysozyme and trypsin could not digest the phosphodiester linkages. Exonuclease I could not induce any fluorescence recovery either, because it only digests single-stranded DNA from the free 3′ end, while Q-DNA was covalently linked to the QDs at the 3′ end. DNase I was deactivated via heating at 90 C for 10 min. The deactivated DNase I could not induce a fluorescence recovery of the QDs due to loss of the enzymatic activity. Only the native DNase I could induce any obvious fluorescence recovery. This results clearly suggest that the assay is highly selective for DNase I.
In conclusion, a quencher (BHQ-2) labeled DNA (Q-DNA) was covalently conjugated to the CdTe QDs in a single synthesis step. The obtained Q-DNA-CdTe QDs were successfully used for target DNA and DNase I detection. This work enriches the DNA-QDs conjugate synthesis methodology, and has been utilized for biological analysis.
